Background-The inflammatory response triggered by cardiac surgery with cardiopulmonary bypass (CPB) is a primary mechanism in the pathogenesis of postoperative myocardial infarction (PMI), a multifactorial disorder with significant inter-patient variability poorly predicted by clinical and procedural factors. We tested the hypothesis that candidate gene polymorphisms in inflammatory pathways contribute to risk of PMI after cardiac surgery. Methods and Results-We genotyped 48 polymorphisms from 23 candidate genes in a prospective cohort of 434 patients undergoing elective cardiac surgery with CPB. PMI was defined as creatine kinase-MB isoenzyme level Ն10ϫ upper limit of normal at 24 hours postoperatively. A 2-step analysis strategy was used: marker selection, followed by model building. To minimize false-positive associations, we adjusted for multiple testing by permutation analysis, Bonferroni correction, and controlling the false discovery rate; 52 patients (12%) experienced PMI. After adjusting for multiple comparisons and clinical risk factors, 3 polymorphisms were found to be independent predictors of PMI (adjusted PϽ0.05; false discovery rate Ͻ10%). These gene variants encode the proinflammatory cytokine interleukin 6 (IL6 Ϫ572GϾC; odds ratio [OR], 2.47), and 2 adhesion molecules: intercellular adhesion molecule-1 (ICAM1 Lys469Glu; OR, 1.88), and E-selectin (SELE 98GϾT; OR, 0.16). The inclusion of genotypic information from these polymorphisms improved prediction models for PMI based on traditional risk factors alone (C-statistic 0.764 versus 0.703).
D espite substantial advances in surgical, cardioprotective, and anesthetic techniques, the incidence of perioperative myocardial infarction (PMI) after cardiac surgery remains at 7% to 15% 1 and is associated with reduced long-term survival. 2 PMI is a multifactorial disorder with significant inter-patient variability poorly predicted by clinical and procedural factors, suggesting a possible genetic component.
One of the primary mechanisms in the pathogenesis of perioperative myonecrosis is the complex acute inflammatory response to cardiac surgery with cardiopulmonary bypass (CPB). The extent of perioperative systemic inflammation and associated morbidity and mortality have been related to a variety of environmental stimuli including direct surgical trauma, bioincompatibility of the extracorporeal perfusion circuit, endotoxemia, and multi-organ system ischemia-reperfusion injury. 3 However, increased evidence for heritability of the pro-inflammatory state suggests that individual genetic background also modulates the magnitude of postoperative systemic inflammatory response after cardiac surgery. 4 Therefore, we tested the hypothesis that single nucleotide polymorphisms (SNPs) in candidate genes regulating inflammatory pathways are associated with the incidence of postoperative myocardial infarction in a cohort of patients undergoing cardiac surgery with CPB. levels of creatine kinase-MB isoenzyme (CK-MB) were measured. All patients were participants in the Perioperative Genetics and Safety Outcomes Study (PEGASUS) , an ongoing Institutional Review Board-approved, prospective, longitudinal study at Duke University Medical Center, and provided informed consent. Exclusion criteria were history of renal failure, active liver disease, bleeding disorders, autoimmune diseases, or immunosuppressive therapy. Intraoperative anesthetic, perfusion, and cardioprotective management was standardized, with fentanyl/isoflurane anesthesia, nonpulsatile CPB (30°C to 32°C), crystalloid prime, pump flow rates Ͼ2.4 L/min per m 2 , cold blood cardioplegia, ␣-stat blood gas management, heparin to maintain activated clotting times Ͼ450 seconds, -aminocaproic acid infusion, and serial hematocrits kept Ն0.18 during CPB.
Measurement of CK-MB
Serum was collected for measurement of CK-MB levels at baseline and 4.5, 24, and 48 hours after aortic cross-clamp removal, and immediately frozen at Ϫ80°C until analysis. CK-MB levels (mass assays) were determined using a forward immunometric assay at a core laboratory (Biosite Diagnostics, San Diego, Calif). The upper limit of normal (ULN) for CK-MB values at this laboratory is 5 ng/mL.
Definition of Myocardial Injury Phenotype
Recent receiver-operator characteristic analyses from several large cardiac surgery trials have identified a cutoff value of 10-times the ULN for postoperative CK-MB to result in optimal specificity (85%) and sensitivity (39%) for 6-month mortality. 5 Based on these findings and the American College of Cardiology recommendations, 6 PMI was defined as CK-MB serum concentration exceeding 50 ng/mL (ie, 10-times the ULN for the reference laboratory) at 24 hours postoperatively. This time point was chosen to exclude early enzyme peaks, previously associated with a washout phenomenon. 7
Candidate Genes and Polymorphisms Selection
Twenty-three candidate genes involved in the pathogenesis of inflammation and myocardial ischemia-reperfusion injury were selected a priori based on previous transcription profiling in humans 8, 9 and animal models, 10 pathway analysis, 11 a review of linkage and association studies reported in the literature, and expert opinion. Forty-eight single nucleotide polymorphisms (SNPs) were subsequently selected in these process-specific candidate genes, based on literature review, genomic context, 12 and predictive analyses 13 with an emphasis on functionally important variants (Table 1 ).
Genotype Analysis
Genotyping was performed by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry on a Sequenom™ system (Sequenom, San Diego, Calif) at a core facility (Agencourt Bioscience Corporation, Beverly, Mass). Primers used and polymorphism details can be found at http://anesthesia.duhs.duke.edu/ pegasus/. Genotyping accuracy was validated at Ͼ99% by scoring a panel of 6 SNPs in 100 randomly selected patients using an ABI 3700 capillary sequencer (Applied Biosystems, Foster City, Calif).
Statistical Analysis
Before evaluating the contribution of genetic factors, the relationship between traditional risk factors ( Table 2 ) and PMI was explored by multivariable logistic regression (clinical model). We chose the most parsimonious set of significant factors by forward selection and used 100 bootstrap samples for model validation.
For each polymorphism, allele and genotype frequencies were calculated and Hardy-Weinberg equilibrium evaluated using an exact test among unaffected patients. The association between 48 candidate gene polymorphisms and incidence of PMI was tested using a 2-stage analysis approach: marker selection, followed by modeling of genotype-phenotype relationships. 14 Allelic associations with incident PMI were first assessed using 2 tests for each of the 48 polymorphisms, and a set of influential markers selected based on nominal PϽ0.1. To avoid assumptions regarding the modes of inheritance, all analyses were performed using additive (homozygote major allele versus heterozygote versus homozygote minor allele), dominant (homozygote major allele versus heterozygote ϩ homozygote minor allele), or recessive (homozygote major allele plus heterozygote versus homozygote minor allele) models for each polymorphism. Second, we performed multivariable logistic regression analyses to sequentially test main effects and interactions for all pairs followed by 3-way combinations of markers selected in the previous step on incidence of PMI (multi-locus genetic models).
Polymorphism combinations selected by logistic regression were finally entered into a model adjusting for traditional risk factors (clinico-genetic model). The genetic contribution to model fit was tested with a multiple-degree of freedom Wald 2 test. In addition, to compare the efficacy of PMI risk prediction models based on clinical and genetic information versus models based on traditional risk factors alone, we computed Akaike's Information Criterion, which adjusts for the number of terms in the multivariable models, and the C-statistic, representing the area under the receiver operator characteristic curve. Population stratification was investigated by genotyping a panel of 54 unlinked null SNPs and computing a scaling factor for adjusting the 2 test statistic in 100 bootstrap samples. 15 Furthermore, self-reported ethnicity was tested as a covariate in multiple logistic regression models. 16 Because the analysis strategy used many separate tests of independence, we used several approaches to account for multiple comparisons. In the genetic model selection process, permutation testing (4000 samples) was used to adjust probability values in pair-wise SNP logistic regressions, 17 and Bonferroni correction to adjust overall genetic model probability values. In addition, we used false discovery rate analysis of all candidate SNPs to estimate and control the proportion of errors among the rejected hypotheses. 18 All statistical analyses were performed using SAS/Genetics version 9.1 (SAS Inc, Cary, NC). Continuous variables were described as meanϮstandard deviation; categorical variables were described as percentages. Adjusted PϽ0.05 (Bonferroni correction or permutation testing) were considered significant.
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Results
Of the 434 patients with complete genotype-phenotype data, PMI developed in 52 (12%). Consistent with previous studies, duration of aortic cross-clamping, number of coronary grafts, and history of previous cardiac surgery were identified as independent predictors of postoperative myonecrosis in our population (Table 3) .
Among the 48 candidate polymorphisms examined, 4 deviated from Hardy-Weinberg equilibrium in both the white unaffected and PMI groups, and were excluded from subsequent analyses. A set of 11 SNPs was identified based on nominal univariable PϽ0.1 for association with incident PMI, in any mode of inheritance (Table 4) .
After our conservative analysis strategy, 3 marker associations remained significant after full adjustment for multiple comparisons and traditional risk factors: the additive effect of Ϫ572GϾC interleukin-6 (IL6) polymorphism, the additive effect of Lys469Glu intercellular adhesion molecule 1 (ICAM1) polymorphism, and the dominant effect of 98GϾT E-selectin (SELE) polymorphism. Specifically, in multivariable logistic regression models evaluating all possible pairwise and subsequent 3-way SNP combinations, the IL6 Ϫ572GϾC (odds ratio [OR], 2.47; 95% confidence interval (Table 3) . Importantly, these polymorphisms were also individually significant after controlling the false discovery rate at 10% (Table 4 ). In a model of PMI risk combining both genetic and clinical factors, the contribution of these 3 polymorphisms remained highly significant (Pϭ0.007), over and above the information provided by traditional risk factors alone. The C-statistic of the final clinico-genetic model based on the IL6, ICAM1, and SELE polymorphisms was 0.764 compared with 0.703 in the clinical-only model, suggesting a gain in discriminatory accuracy (Table 3 ). In addition to the 3 polymorphisms significant in the false discovery rate analysis, 3 others were found to be associated with PMI in multivariable logistic regression models with Bonferroni-adjusted PϽ0.05. These included the 1846CϾT polymorphism in C-reactive protein (CRP), 19983TϾC polymorphism in lipopolysaccharide-binding protein (LBP), and -844TϾC polymorphism in the catalase (CAT) gene (Tables  4 and 5 ).
In multivariable risk factor-adjusted analyses we found no evidence for an interaction between any of these genetic polymorphisms and self-reported race in explaining incident PMI. Moreover, in analysis of 54 unlinked markers, the mean (standard error) 2 value over 100 bootstrap samples was 0.989 (0.02), suggesting that no cryptic population substructure was present in these data.
Discussion
Despite well-described associations between genetic variation and susceptibility to myocardial infarction among ambulatory populations, there is a paucity of data regarding the occurrence of similar relationships with perioperative myocardial injury in cardiac surgical patients. In this initial report from a prospective cohort study of patients undergoing cardiac surgery with CPB, we found 3 inflammatory polymorphisms to be associated with incident PMI, after adjustment for multiple comparisons. Both risk and protective alleles were identified. These findings add to previous data implicating plasma levels of several cytokines, cell adhesion molecules, and other inflammatory mediators as key determinants of risk of perioperative myocardial injury, 3 suggesting that the products of these genes may represent important targets in preventing perioperative myonecrosis after cardiac surgery.
For interleukin-6 (IL6), the encoded protein is a major proinflammatory cytokine involved in the acute inflammatory response to CPB. 3 Polymorphisms in the promoter of IL6 gene (Ϫ572GϾC and Ϫ174GϾC) have been associated with significantly higher postoperative plasma IL-6 levels 19 and prolonged hospitalization after cardiac surgery with CPB. 20 Intercellular adhesion molecule-1 (ICAM1) is an important adhesion molecule mediating the interaction between activated leukocytes (CD11b) and endothelial surfaces. The non-conservative Lys469Glu polymorphism in ICAM1 gene, located in an immunodominant epitope involved in integrinmediated B-cell adhesion and neutrophil transmigration, has been associated with a variety of pro-inflammatory phenotypes like transplant rejection and vasculopathy, vascular restenosis, and multiple sclerosis. 21 These findings are consistent with the observed relationship between the number of Glu469 alleles and incidence of PMI identified in the current study.
With regard to E-selectin, this endothelial membrane protein, also called ELAM1, is expressed by cytokinestimulated endothelial cells and mediates accumulation/adhesion of leukocytes at sites of inflammation and endothelial damage, implicated in inflammatory injury after cardiac surgery with CPB. 3 Genetic variants in E-selectin have been reported as risk factors for premature/severe coronary artery disease, and are associated with altered leukocyte binding and soluble E-selectin release, 22,23 suggesting a similar functional role in modulating perioperative myonecrosis. LVEF indicates left ventricular ejection fraction; CPB, cardiopulmonary bypass; CABG, coronary artery bypass grafting.
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Three additional polymorphisms were also found to be associated with incident PMI at nominal significance levels. One of these, a 1846CϾT polymorphism in the 3Јuntranslated region of the C-reactive protein (CRP) gene, has been associated with altered plasma CRP levels and increased risk of cardiovascular events. 24 The current data thus provide additional support to previous reports implicating CRP as a mediator of tissue damage in acute myocardial ischemia. 25 We also found a 326TϾC polymorphism in the lipopolysaccharide-binding protein (LBP) gene to be associated with incidence of PMI, an intriguing finding because endotoxin peaks at 4 to 24 hours after CPB, and has been implicated in modulating acute myocardial injury. Finally, the Ϫ844TϾC polymorphism in catalase (CAT) gene associated with protection against PMI is located in the consensus sequence of several transcription factor binding sites; this suggests that allele-specific differential binding of transcription factors may influence gene expression levels and overall antioxidant activity, thus buffering the oxidative stress characteristic of myocardial ischemia-reperfusion injury. Although these latter results are intriguing, more data are needed to provide statistical support for an association.
The specific criteria for defining PMI in the setting of cardiac surgery are still subject to debate, because postoperative biomarker elevations can be caused by several nonischemic etiologies like surgical trauma (atrial cannulation, sewing needles) and manipulation of the heart. However, regardless of causation or the diagnostic cutoff used, it should be emphasized that the biomarker evidence of myonecrosis after cardiac surgery has been consistently associated with an increase in adverse clinical outcomes. 6 When interpreting any genetic association study, several epidemiological limitations potentially leading to falsepositive findings should be considered, including inadequate sample size, selection of control groups, multiple testing, and population stratification. With regard to these concerns, strengths of our study include a relatively large population of cardiac surgery patients and a prospective cohort design that reduces the selection bias inherent in case-control studies. It is possible that the SNPs identified as associated with PMI are in linkage disequilibrium with other functional (causal) variants not included in this study. A much larger study incorporating many more SNPs might be necessary to delineate this effect. Further, we found no race effect in multivariable regression models, and genomic control analysis revealed no evidence of population stratification in these data. Finally, we adjusted for multiple comparisons using several different techniques (permutation testing, Bonferroni correction, false discovery rate), and are presenting all data simultaneously rather than focusing on any one specific finding.
Conclusions
Genetic variants in cytokine and leukocyte-endothelial interaction pathways are independently associated with severity of myonecrosis after cardiac surgery. These initial findings suggest that genetic epidemiological studies can assist in evaluating perioperative morbidity and, if corroborated in other populations, provide insight into preoperative identification of high-risk cardiac surgical patients. Future clinical trials investigating efficacy of novel cardioprotective strategies on cardiac biomarker release may have to be conducted in genotype-stratified patient populations.
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